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ABSTRACT 
This study investigates a particular hybrid configuration of 
Indirect Expansion Photovoltaic Thermal Heat Pump 
(IEPVT/HP) system based on a detailed thermodynamic and heat 
transfer analysis. The effect of solar irradiance on the electrical 
and thermal efficiencies of the system, PVT temperature and the 
water outlet temperature is studied. Results show that an increase 
in solar irradiation increases the temperature of the PVT and thus 
decreases the electrical efficiency of the PVT. It was found that a 
greater solar irradiance corresponds to an increase in the thermal 
efficiency of the PVT. For a fixed change in solar irradiance the 
variance in the thermal efficiency decreases as the solar irradiance 
increases. 
Keywords 
Solar energy, Hybrid system, Photovoltaic thermal (PVT), Heat 
pump, Indirect expansion, Modelling 
1. INTRODUCTION 
Energy is a sector of huge importance in our world [1]. The 
energy sector is changing around the globe as energy demands 
grow under changing prices, and security of energy supplies [2]. 
To address this increased demand, and the polluting side effects 
of historical and currently used energy sources, a movement 
towards the de-carbonisation and diversification of energy 
sources is taking place [2]. The overall movement is towards 
renewable and sustainable energy [3]. Solar energy is a promising 
and key source of sustainable and renewable energy. Solar energy 
can be converted to both electrical and heat energy directly [4]. 
This is of benefit as approximately 50% of global energy 
production is for heating [5]. In the UK 80% of all heating 
demand is used for water and space heating [6]. In order for the 
UK to reach the de-carbonisation goal of 80% by 2050 in 
comparison to 1990 levels, micro renewable energy systems need 
to be deployed in the UK [7]. Micro renewable energy systems 
are systems that generate energy from renewable energy sources 
on-site [8]. Solar Photovoltaic/Thermal (PVT) systems are energy 
systems that can be installed on domestic sites to produce both 
electricity and heat from sunlight [4]. PVT panels have a 
photovoltaic surface that convert solar rays into electricity [4]. 
Below this surface a thermal absorber is placed with a physical 
system that allows a fluid to pass through to collect thermal 
energy [4]. Current commercial photovoltaic technology has an 
average solar to electricity conversion efficiency of 15% [9]. The 
rest of the absorbed rays are converted into heat [9]. In 
photovoltaic (PV) panels this heat increases the temperature of 
the PV panels and as their temperature increase their conversion 
efficiency decreases at a rate dictated by Equation (1) as [10]:  
 =  1 −  −  +  ∙ log 1000 (1) 
The drop in efficiency is based on the reference efficiency  
which is the electrical efficiency of the solar cells when tested in 
standard testing conditions (i.e.  of 25°C, light source 
intensity () of 1000 W/m2 and the efficiency correction 
coefficient for solar radiation () has to be taken into account, 
though for crystalline silicon  ≅ 0 [10]). The difference between 
the temperature of the solar cell () from the reference 
temperature dictates how much of a drop in electrical efficiency 
occurs. The proportionality of the temperature increase and the 
drop in electrical efficiency is given by the temperature correction 
coefficient () which is a material property. In the PVT system, 
the fluid that passes through the PVT panels absorbs the excess 
heat and thus reduces the PV temperature, TPV. This allows both 
electricity and heat production whilst also keeping the PVT 
relatively cool to prevent a drastic drop in solar to electricity 
conversion efficiency [11]. The heated fluid is then used for heat 
related energy consumption.  
PVT panels generate less thermal energy than solar-thermal 
collectors and less electricity than solar PV panels under the same 
conditions over the same area coverage [2]. The combined energy 
generated by a PVT is greater than energy generated by a similar 
sized solar PV or solar-thermal panel in the same conditions and 
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of the same area [2]. PVT panels also generate more energy than 
the same sized area half-covered in PV and half in thermal panels 
[2].  
It should be noted that there is a lack of long-term system 
performance data from experiment for PVT systems [2]. PVT 
systems used in climates with long sunlight hours and high solar 
irradiation intensities tend to produce water at high enough 
temperatures to be used domestically. However, in temperate 
oceanic climates where sunlight hours are not as long and the 
solar irradiation intensity is not as high, PVT systems do not 
produce enough thermal energy to heat water that is directly 
usable. Herrando et al. [12] overcame the lower heat production 
of their London simulated system by including a hot water tank 
with an auxiliary water heater to increase the output water 
temperature to domestically usable temperature (in the UK, this 
is around 52°C [13]). A solution to increase the output water 
temperature is to integrate the PVT with a water source heat 
pump. An area of research with this technology is in Direct 
Expansion PV/T Heat Pump (DEPVT/HP) systems [14]. This 
technology involves the direct heating of the heat pump’s 
working fluid by solar energy as it passes through the evaporator 
[14]. Ji et al. [15] conducted the experimental development and 
testing of a direct expansion solar assisted heat pump system. The 
system used nine PV evaporator panels that were used to convert 
sunlight into electricity but also transfer heat into the working 
fluid in the heat pump system [15]. Their results [15] show that, 
outdoors during live testing in November, the solar irradiation 
peaked at approximately 850 W/m2. The maximum Coefficient of 
Performance (COP) of the heat pump alone achieved was 10.4. 
While the maximum combined (electrical and thermal) COP 
achieved was 16.1. The average COP over the test for the heat 
pump only and the combined system were 5.4 and 8.3, 
respectively [15]. The experimental work of Ji et al. [15] are 
promising for the direct-expansion solar assisted heat pump. 
However, these high peak COPs are not replicated in literature by 
other researchers in experiment or modelling [14]. This means 
that more research needs to be conducted in this type of 
technology to understand the limits of efficiency and how to 
achieve them. 
Another technology solution is to use of Indirect Expansion PVT 
Heat Pump (IEPVT/HP) systems. This method uses a less volatile 
fluid to absorb the solar thermal energy and transport it to a more 
compact heat pump unit where the heat pump cycle is contained 
[16]. This is the type of system analysed in the present work. This 
study aims to look at an IEPVT/HP system configuration and the 
effect solar irradiance has on the energy intake section of the 
system. This work will become part of and contribute to a basis 
for understand important factors when considering the long term 
and optimal operation of such a system.  
2. IEPVT/HP CONFIGURATION 
The system configuration studied consists of a heat intake water 
loop, the refrigerant heat pump loop and a heat rejection water 
loop. The heat intake loop consists of the Solar PVT and a thermal 
storage water tank. The heat pump loop consists of an evaporator, 
compressor, condenser and expansion valve. The heat rejection 
loop consists of a heat exchanger linked to the heat pump 
condenser, and a forced convection radiator that rejects heat to the 
user. Schematic of the system is shown in Figure 1. 
 
Figure 1. Layout of PVT/HP system modelled (1: Solar PVT, 
2: Solar water tank, 3, 5 and 11: Water pump, 4: Evaporator, 
6: Gas compressor, 7: Condenser, 8: Expansion valve, 9: 
Radiator, 10: Condenser tank. 
3. MATHEMATICAL MODELLING 
The mathematical model of the system contained each sub system 
as a separate subroutine that generates results for a certain 
predefined time instance. The code was written in MATLAB 
2018a and is based on the PVT code developed by Yazdanifard 
et al. [1]. The subsystems modelled are, the PV/T Panels, Heat 
Pump and Thermal storage water tanks. These subsystems are 
further broken down into their operating components and the 
associated governing equations for their operation are solved as 
explained in details in the following sections. 
3.1 Photovoltaic/Thermal Panel 
The Photovoltaic/Thermal (PVT) Panel equations consist of an 
energy balance of the external environment (i.e. solar irradiation, 
ambient air temperature, wind velocity) and the internal material 
layers of the PVT (see Figure 2).  
 
Figure 2. Internal PVT layering and piping. 
The energy balance takes into account the energy converted into 
heat and electricity from the solar irradiation and the change it has 
on the PVT conversion efficiency as given in Equations (2)-(9). 
The model assumes the heat transfer can be accurately 
represented through one dimensional relations thus ignoring heat 
transfer through the edges of the PVT. The model also assumes 
the PVT is in thermal equilibrium for each of the conditions 
specified.   
-Glass Cover  
	 = 	 ℎ,#$ 	+	ℎ,#% − 	$	
+	&ℎ'(#)* − )* (2) 
-PV Panel  
+)* ,1 − -' .1 − )* − $/0	
= 	 &ℎ'()*#)* − 
+ &ℎ'()*#$1%&)* − $1%( 
(3) 
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-Thermal Absorber 
&ℎ'()*#$1%)* − $1%
= 	 &ℎ'($1%#2&$1% −	2(+ &ℎ'($1%#3&$1% −	3( 
(4) 
-Tube and Bonding  
&ℎ'($1%#2&$1% −	2(= 	 &ℎ'(2#4&2 −	4(+	&ℎ'(2#3&2 −	3( 
(5) 
-Insulation (Glasswool)  
&ℎ'($1%#3&$1% −	3( +	&ℎ'(2#3&2 −	3(
= 	 &ℎ'(3#3)&3 −	3)( (6) 
-Working Fluid in Tube  
 
&ℎ'(2#4&2 −	4( = 	56 7),44 (7) 
-Insulation (EPS) 
&ℎ'(3#3)&3 −	3)( = 	 &ℎ'(3)#$&3) −	$( (8) 
-Aluminium 
&ℎ'(3)#$&3) −	$( = 	ℎ,$#$&$ −	$( (9) 
The efficiency of the PVT is divided into its electrical efficiency, 
Equation (1), and thermal efficiency, Equation (10). The total 
efficiency of the PVT is the combined value of the thermal and 
electrical efficiency as given by Equation (11). 
289 = [56 7),4&; − 3(]/& ⋅ '( (10) 
2;2$ =  + 289 (11) 
3.2 Heat Pump 
The equations used in modelling the heat pump are commonly 
used to model the operation of a heat pump [1, 17]. The heat pump 
uses the water tank temperature as an input for the evaporator and 
the condenser water tank as the input for the condenser. The mass 
flow rates of the water and the temperature difference (∆T) across 
the evaporator and condenser are the parameters that are manually 
dictated. The thermodynamic properties of fluids modelled in the 
code were calculated using REFPROP 9.0 [18] and CoolProp 
6.1.1 [19].  
3.2.1 Compressor 
The compressor is modelled using Equations given in (12).  
56 ? = @?A?B?? B? = C&-, ℎ( ℎ?; = ℎ?3 + ℎ?;,3%D − ℎ?33%D  
ℎ?;,3%D = C&-, E( E? = C&-, ℎ( F6? = 56 ?&ℎ?; − ℎ?3( 
G6 ? = F6?/&98 × (  (12) 
3.2.2 Condenser 
The condenser equations are based on heat transfer and the 
change of state of the refrigerant as it gains heat. The heat transfer 
is divided into three sections; the superheated stage, two-phase 
stage and the subcooled stage. The superheated and two-phase 
stages are calculated using the LMTD method and the subcooled 
stage is calculated using the ε-NTU method. To link the 
condenser inputs to the compressor outputs the following 
equivalents are made. 
 
ℎ3 = ℎ?; 56  = 56 ? (13) 
3.2.2.1 Superheated & Two-Phase 
The superheated and two-phase equations (see Equations 14-18) 
assume the refrigerant within the condenser reaches its two-phase 
state before exiting. 
I6 = 56 &ℎ3 − ℎ;(	=	56 47J4&; − 3( = KL'MNO (14) 
MNO =
&3 − 4;( − &; − 43(
log .3 − 4;; − 43/
 (15) 
K = 1/[ 1ℎ +
P
Q +
1
ℎ4] (16) 
ℎ = 0.037&UVW/X-YZ/[(\/M (17) 
UV = 56 M/&7]' ∙ Q( -Y, \, Q = C&-, F, ( (18) 
 
3.2.2.2 Subcooled 
The subcooling equations (see Equations 19-22) are only included 
when the refrigerant reaches a saturated liquid before exiting the 
condenser. The total heat transfer in the condenser heat exchanger 
is given by Equation 23. 
 
^_ = 	KL'/793D (19) 
 ` = 1 − VJ
#abc&Zde(
1 − &7VJ#abc&Zde(( 
7 = 793D/79$f (20) 
 
I6,9$f = 793D&3 − 4;( (21) 
 
I6 = `I6,9$f =	56 47J4&; − 3( = 56 &ℎ3 − ℎ;( (22) 
 
F6,2;2$ = I6,%g)8$2h + I6,24;#)8$% + I6,%g1;;h (23) 
3.2.3 Expansion Valve  
The expansion valve modelled is assumed to operate using 
isenthalpic expansion process and so follows Equation 24. 
ℎ; = ℎ3 (24) 
3.2.4 Evaporator 
The evaporator equations are based on the same equations as the 
condenser, however, the heat transfer is divided into two sections; 
the two-phase stage and the superheated stage. The two-phase 
stage is calculated using the LMTD method and the superheated 
stage is calculated using the ε-NTU method. The total heat 
transfer of the evaporator is given by Equation 25. 
F6,2;2$ = I6,24;#)8$% + I6,%g)8$2h (25) 
3.3 Thermal Storage 
Within this model there are two thermal storage water tank. The 
first in the system is a water tank for storing the water that is used 
to cool the PV/T and provide the heat energy to the heat pump 
evaporator. The second is the water tank used to hold the water 
that goes through the heat pump condenser and is heated up for 
use directly or for space heating. The change of temperature 
within these tanks is given by Equation 26 for each discrete time 
instance. This assumes that all the fluid in the tank reaches 
instantaneous thermal equilibrium at each time instance. 
 2$D?,2dh2 = 2$D?,2 + &F
6 3D − F6;g2(
52$D?7),4 i (26) 
4. MODEL VALIDATION 
As there is no experimental data in the literature for the whole 
system, the individual parts of the model (i.e. the PVT and the 
heat pump) are validated against data from literature. 
4.1 Photovoltaic/Thermal Panel 
The PVT model is compared to the experimental data of Huang 
et al. [20] and the numerical results of Sobhnamayan et al. [21]. 
Figure 3 and Figure 4 show prediction of the PVT model for the 
water outlet temperature and the PV temperature, respectively. It 
IAPE '19, Oxford, United Kingdom 
ISBN: 978-1-912532-05-6 
 
DOI: http://dx.doi.org/10.17501........................................ 
 
 
is seen that the results predicted by the present model are in good 
agreement with the experimental data of Huang et al. [20] and the 
numerical results of Sobhnamayan et al. [21]. 
 
Figure 3. PVT water outlet temperature predicted by the 
present model against experimental data of Huang et al. [20] 
and numerical results of Sobhnamayan et al. [21]. 
 
Figure 4. PVT temperature predicted by the present model 
against experimental data of Huang et al. [20] and numerical 
results of Sobhnamayan et al. [21]. 
4.2 Heat Pump 
The results predicted by the present heat pump model are 
compared against theoretical results of Camdali et al. [22]. Initial 
inputs include the evaporator pressure of 228.31 kPa, condenser 
pressure of 841.5 kPa, air mass flow rate of 0.1393 kg/s, brine 
mass flow rate of 0.029 kg/s, compressor mechanical, electrical 
and isentropic efficiency of 0.8, 0.85 and 0.7, respectively. The 
heat pump model takes into consideration the sizing of the 
evaporator and the condenser, it also takes into consideration the 
compressor efficiencies. The combined model is a quasi-steady 
state model that takes incremental time steps to solve for fluid 
temperature changes from the heat pump and the solar PVT array. 
The temperature, enthalpy and entropy predicted by the present 
model at different locations (1: Evaporator outlet, 2: Compressor 
outlet, 3: Condenser outlet, 4: Expansion valve outlet) are 
compared against those reported by Camdali et al. [22] and the 
results are shown in Table 1. The results predicted by the present 
model are in good agreement with those of Camdali et al. [22]. 
The maximum difference between the two models is the COP 
which has a 1.17% difference. 
The heat pump model is also compared with the experimental data 
of Abu-Mulaweh [23]. The model inputs include the refrigerant 
mass flow rate (0.00106 kg/s), condenser and evaporator 
pressures (212 kPa and 1170 kPa), air temperature (12.5°C), and 
air volumetric flow rate (0.14 m3/s). The literature [23] used the 
evaporator heat absorbed for calculation of the COP as this is 
being used for cooling. The comparison of the present model’s 
results compared to the results of Abu-Mulaweh [23] are given in 
Table 1. The results given in Table 1 show reasonably good 
agreement with the results obtained by Abu-Mulaweh [23].  
5. RESULTS AND DISCUSSIONS 
The simulation test was based on the heating of a 5m × 3m × 3m 
space by a forced convection radiator of dimension 2m × 0.15m 
× 0.15m with a convection air flow velocity of 0.5m. The room 
starts at an ambient temperature of 14oC and the system operates 
until the room reaches 24oC. It took a total time of 1780 seconds 
in simulation time for it to complete the task. The heat pump is 
set to an evaporator and condenser ∆T of 3oC. The initial 
condenser tank water temperature and solar water tank 
temperature is 14oC. The heat pump is also designed to shut off 
when the condenser water outlet temperature reaches 53oC and 
restarts when the outlet temperature returns to 47oC. Mass flow 
rate of the water entering the PVT Panel array is 20 L/min. The 
evaporator and condenser water mass flow rate were kept at 0.1 
kg/s and 0.2 kg/s. The solar water tank held 100 L of water whilst 
the condenser water tank held 25L of water. As solar irradiation 
is the source of energy for the PVT, the change in irradiation 
affects the thermal and electrical energy produced. This analysis 
uses a singular PVT module with the system described above.
 
Table 1 Validation of Heat Pump Model 
 Numerical Experimental 
Parameter Camdali et al. 
[23] 
Current 
work 
Error (%) Abu-Mulaweh 
[24] 
Current 
Work 
Error (%) 
Compressor 
Power (W) 
426.16 429.17 0.71 51.6 52.9 2.52 
Condenser Heat 
Rejected (W) 
- - - 
231.6 248.2 7.17 
COP 3.3118 3.2732 1.17 3.5 3.7 5.71 
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T1 (°C) 
T2 (°C) 
T3 (°C) 
T4 (°C) 
-6.6 
49.58 
33.2 
-6.6 
-6.67 
49.54 
33.12 
-6.67 
1.13 
0.08 
0.26 
1.13 
10.5 
78.7 
17.9 
-8.5 
11.2 
80.5 
18.9 
-8.1 
6.67 
2.29 
5.59 
4.71 
h1 (kJ/kg) 
h2 (kJ/kg) 
h3 (kJ/kg) 
h4 (kJ/kg) 
394.7 
433.3 
246.7 
246.7 
394.7 
433.6 
246.3 
246.3 
0.01 
0.06 
0.17 
0.17 
409.9 
458.5 
224.6 
224.6 
410.5 
460.4 
225.9 
225.9 
0.14 
0.41 
0.59 
0.59 
Figure 5 shows that an increase in solar irradiation increases the 
amount of electricity produced by the PVT panel. Figure 6 
represents the variation of PVT temperature as a function of time 
for different solar irradiance. This figure shows that for a fixed 
solar irradiance as the time increases, the PVT temperature 
decreases. This is because the energy recovered from the PVT is 
stored in the water tank which is used by the heat pump. The 
cooling of the PVT results in the increase of the electrical 
efficiency of the panel according to Equation (1) which can also 
be seen in Figure 7. Figure 7 shows that at a fixed time the 
electrical efficiency of the system is higher at lower solar 
irradiances. This is because, according to Figure 6, for higher 
solar irradiance the PVT temperature is higher. 
 
Figure 5. Electrical power generated at different solar 
irradiances over time. 
 
Figure 6. Temperature of the PVT at different solar 
irradiances over time. 
 
Figure 7. Electrical efficiency of PVT at different solar 
irradiances over time. 
The effect of solar irradiance on the thermal efficiency (Equation 
(10)) of the PVT is shown in Figure 8. It is seen that an increase 
in the solar irradiation results in an increase of the PVT thermal 
efficiency. The thermal efficiency increase is asymptotic with the 
increase of solar irradiation signifying a thermal efficiency limit. 
This figure further shows that for a fixed solar irradiance the 
thermal efficiency increases over time since the PVT panel cools 
due to the water passing through it is able to extract more heat. 
However, this effect is more prominent at lower solar irradiances. 
 
 
Figure 8. Thermal efficiency of PVT at different irradiances 
over time.  
The change in the solar tank water temperature shows a decrease 
as the heat pump cools the tank over time, as shown in Figure 9. 
The initial tank temperature is 14 oC so it is possible to use the 
condition of 0 W/m2 irradiation as a comparison for the results as 
IAPE '19, Oxford, United Kingdom 
ISBN: 978-1-912532-05-6 
 
DOI: http://dx.doi.org/10.17501........................................ 
 
 
the tank has residual thermal energy that can be used. The solar 
water tank is the heat storage for the heat pump to operate but is 
also the cooling fluid for the PVT, therefore for optimal operation 
a temperature balance of the heat extracted by the heat pump and 
the heat extracted from the PVT needs to be established. The 
effect of the change in solar irradiation on the solar tank water 
temperature shows a decrease in the cooling rate of the solar tank 
temperature allowing for the heat pump to operate for longer 
durations before it is required to stop to allow for heating of the 
tank. It also demonstrates the need for a control system that can 
balance the heat pump evaporator temperature difference with the 
heat input from the PVT.  
 
Figure 9. Variation in solar tank temperature at different 
PVT irradiances with heat pump operation. 
The outlet temperature of the water exiting the PVT increases 
with an increase in solar irradiation (see Figure 10). The decrease 
of the outlet water temperature over time is also observed as the 
heat pump cools the solar water tank. This reduces the 
temperature of the water entering the PVT. 
 
Figure 10. Outlet water temperature at different solar 
irradiances over time. 
Figure 11 represents the total efficiency of the PVT (electrical + 
thermal, Equation (11)) as a function of time for different solar 
irradiance. The trend of the variations are similar to the thermal 
efficiency as shown in Figure 8, indicating that the total efficiency 
of the PVT is influenced mainly by its thermal efficiency. Figure 
11 shows that for a fixed time, the total efficiency of the PVT 
increases as the solar irradiation increases. Furthermore, for a 
fixed solar irradiance, as time passes, the total efficiency of the 
PVT increases. Nonetheless, the variation of the efficiency as a 
function of time is more significant at lower solar irradiance, and 
at the maximum irradiance of 1250 W/m2 studied here, the 
efficiency almost remains unchanged with time. This trend is also 
observed for the thermal efficiency as shown in Figure 8.  
 
Figure 11. Total efficiency of the PVT module at different 
solar irradiances over time. 
 
6. CONCLUSIONS 
In this work thermal and electrical characteristics of a hybrid 
photovoltaic water source heat pump system was studied using 
thermodynamic and heat transfer analysis. The performance of a 
particular hybrid system (i.e. an Indirect Expansion PVT Heat 
Pump) configuration was studied over time for different solar 
irradiance. The main findings of the present work are as follows:  
• An increase in the solar irradiation increases the PVT 
temperature, which can results in the decrease of the 
electrical efficiency of the PVT panel. 
• An increase in the solar irradiation decreases the rate at 
which the heat pump cools the solar water tank, 
allowing for constant operation of the heat pump if 
optimally designed. 
• The cooling of the solar water tank increases the 
thermal efficiency of the PVT to a limit. The change in 
solar irradiation also increases the thermal efficiency of 
the PVT but the trend is asymptotic towards a limit.  
These results contribute to the body of knowledge of Indirect 
Expansion PVT Heat Pump systems. This will aid in the 
implementation and design of these systems in the future and 
further an understanding of the effects solar irradiation has on the 
energy intake subsystem of IEPVT/HPs of similar configuration. 
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8. NOMENCLATURE 
A area 
7 heat capacity ratio 
79$f maximum heat capacity rate 
793D minimum heat capacity rate 
i time step 
 discretized length 
L heat exchanger correction factor  
C function 
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ℎ enthalpy 
ℎ convection heat transfer coefficient 
ℎ radiation heat transfer coefficient 
 irradiation 
K convection coefficient 
\ thermal conductivity 
M Characteristic length 
MNO Log Mean Temperature Difference 
56  mass flow rate 
5 mass 
^_ Number of Transfer units 
- pressure 
-Y Prandtl number 
F6  or I6  heat flux 
UV Reynolds number 
E entropy 
 temperature 
i time 
G6  work rate 
 width 
Greek symbols 
 absorption coefficient 
 temperature correction factor 
 solar radiation correction factor 
P thickness 
` effectiveness 
 efficiency 
Q thermal conductivity 
B density 
+ transparency 
Subscript 
j air 
jkE absorber 
l condenser 
V evaporator 
VmVl electrical 
n glass 
o inlet 
on fibreglass insulation 
oJ EPS insulation 
oEVp isentropic 
\ compressor 
5Vlℎ mechanical 
q outlet 
Jr photovoltaic 
Y refrigerant 
YVC reference 
E sky 
i tube 
iℎVY5 thermal 
 water 
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